Prestressing strands are commonly used in pretensioned prestressed concrete bridges 5 construction. Transfer length is an important parameter for structural design. This paper 6 presents a comparative study on strand transfer length provisions from Eurocode-2 and North 7
Introduction 21
The use of prestressing strands is commonplace in the construction of pretensioned concretestructures and bridges. There are two procedures for prestressing a concrete member through 23 strands: post-tensioning and pre-tensioning. The manufacturing process for pretensioned 24 concrete members by pre-tensioning includes: tensioning the prestressing strands between 25 abutments using provisional end anchorages; casting concrete around the prestressing strands; 26 releasing the strand tension once the concrete achieves sufficient strength thereby transferring 27 the prestress force to the member. The prestressing force in the strands is transferred to the 28 concrete by bond in the end regions of the member. In each end region, the stress in the 29 prestressing strand varies from zero at the end of the member to a constant maximum value 30 (effective stress), which is achieved at a certain distance from the member end. Fig. 1 offers  31 an idealization of the prestressing strand stress profile in a pretensioned prestressed member 32 after prestress transfer. 33
According to ACI-318 -ACI: American Concrete Institute-(ACI 2011), the distance over 34 which the strand should be bonded to the concrete to develop the effective prestress in the 35 prestressing strand is defined as transfer length. Eurocode-2 calls this length transmission 36
length (CEN 2004 -CEN: Committee European of Normalization-). 37
Transfer length is an important parameter for pretensioned concrete structural design (Russell 38 and Burns 1996; Barnes et al. 2003 ). In the precast prestressed concrete industry, obtaining a 39 good product within a short period of time is essential. Therefore, it is necessary to achieve 40 the required concrete compressive strength as soon as possible so that the member can accept 41 the transfer of the prestressing force at detensioning, and the member can be removed from 42 the bed. The accuracy of any attempt to check the actual material stresses in the end region of 43 pretensioned members depends upon the transfer length estimation. In addition, transferConsequently, it is necessary to contemplate some implications for bridge designs according 48 to strand transfer length: 49 a) A short transfer length increases stresses and the risk of cracking (by concrete splitting, 50 bursting or spalling) in the end regions. This may result in complete bond loss, especially if 51 there is no confining reinforcement (den Uijl 1995). In these cases, it is possible to 52 redevelop effective prestressing force by bond at a distance from the damaged location 53 (Kasan and Harries 2011) . 54 b) A long transfer length reduces the available member length to resist bending moment and 55 shear, and therefore increases member cost. 56
Moreover, design strength provided by a pretensioned member shall be taken as the nominal 57 strength multiplied by the strength reduction factors in sections within the transfer length 58
(also within the development length). If a critical section occurs within these regions -where 59 the strand is not fully developed-failure may occur by bond slip (ACI 2011). Thus, web shear 60 cracks, which extend into the transfer length, can cause a bond-slip failure of the prestressing 61 strands (Reed and Peterman 2004) . 62
Strand transfer length depends on the properties of both the prestressing strand and the 63 surrounding concrete, and also on several design and manufacture parameters ( mechanism and mechanical action takes place, while radial compressive stresses around the 88 prestressing strand causes bond stresses due to the prestress transfer. These radial 89 compressive stresses are the response of the surrounding concrete to both the strand diameter 90 increase and the displacement of the prestressing strand when a slip occurs. Mechanical action 91 in prestressing strands notably differs from that in wires because their helical shape allows for 92 increased bond stress when a greater slip occurs. As consequence, the longitudinal contraction 93 of the prestressing strand results in a radial expansion of the tendon which is known as theJanney (1954) was one of the pioneers to research bond characterization and its relation with 96 the transfer length of prestressing strands. The results obtained by Janney (1954) showed an 97 inelastic response of the surrounding concrete with radial microcracking along almost the 98 entire transfer length. On the other hand, according to Guyon (1953) , the hypothesis of 99 uniform bond stress distribution is an unattainable limit since there will always be a zone 100 exhibiting elastic behavior along the transfer length. An analytical transfer bond model that 101 considers both a longer plastic zone and a smaller elastic zone located at the end of the 102 In order for equilibrium to occur, the prestressing strand force must be equal to the force 108 developed in the prestressing strand over the transfer length by assuming the uniform bond 109 stress according to Eq. (1): 110
where f s is the effective stress (strand stress after transfer), A p is the cross-sectional area of the 112 prestressing strand, L t is transfer length, P p is the perimeter of the prestressing strand, and U t 113 is the average bond stress along the transfer length. 114 
where (only an additional notation) f sx is the prestressing strand stress, n is an exponent, k 1 is 122 the perimeter factor (k 1 = 4/3 for a seven-wire strand, k 1 = 1 for a circular cross-section), d is 123 the nominal diameter of the prestressing strand, k 2 is an adjustment constant, χ is a factor to 124 account for the type of release, and λ is a factor to obtain bound values for transfer length. ) (
where η p1 is a coefficient that takes into account the type of tendon and the bond situation at 147 release (3.2 for 3-and 7-wire strands), η 1 accounts for the tendon position during casting (1.0 148 for good bond conditions, and 0.7 otherwise), and f ctd (t) is the design value of strength at time 149 of release. 150
The basic transmission (transfer) length (l pt ) value is given by: 151
where α 1 accounts for the release procedure (1.00 for gradual release, 1.25 for sudden 153 release), α 2 is a tendon area factor (0.25 for tendons with circular cross-sections, 0.19 for 3-154 and for 7-wire strands), ϕ is the nominal tendon diameter, and σ pm0 is the tendon stress just 155 after release. 156
The transfer length should be taken as the less favorable of two values (l pt1 , l pt2 ), depending on 157 the design situation: 158
Normally, the lower value is used to verify local stresses at prestress transfer, whereas the 161 higher value is for ultimate limit states.
8
The upper design value of transfer length is within the anchorage length. obtained from the ACI-318 and Eurocode-2 when using a specified concrete compressive 245 strength at 28 days equal to 100 MPa (14.50 ksi). 246
247

Data provided from tests 248
The transfer length may be determined experimentally, and over the years, there have been 249 several experimental research programs examining the bond of prestressing strands (by way 250 of example, see references included in Table 2 ). There are several experimental methods 251 frequently used to determine transfer length: the longitudinal concrete surface strain profile 252 (Rusell and Burns 1997), the prestressing strand end slip (Guyon 1953 between 650-1300 mm (25.6"-51.2") (Fig. 6) , whereas ACI-318 gives predictions within a 282 consider concrete properties; indeed, only slight variations based on strand stress and 284 diameter affect transfer length predictions for this model. The AASHTO reference appears as 285 a top value (Fig. 7) . 286
With the Eurocode-2 predictions (Fig. 6) it can be observed that the higher value corresponds to Eurocode-2, followed by AASHTO 309 which, in turn, comes before ACI-318. The intervals average value ± standard deviation are 310 smaller than those corresponding to the experimental results, and they are smaller when code 311 provisions are more simplified: the interval from Eurocode-2 is greater than the interval from 312 ACI-318 which, in turn, is greater than that from AASHTO. 313 respectively, and the upper bound value from the North American practice according to Eq. 316 (8) proposed by Russell and Burns (1996) . As observed, the lower and upper bound values 317 from Eurocode-2 range the interval average value ± standard deviation of the Eurocode-2 318 predictions. On the other hand, the lower bound value from Eurocode-2 coincides with the 319 average value from AASHTO. 320 Figs. 12 and 13 also depict that when the measured transfer length is shorter than the 342 predicted transfer length, the allowable free end strand slip limit is exceeded in 0.6% of the 343 cases (by applying the Eurocode-2 provisions) and in 2.8% of the cases (by applying the ACI-344 318 provisions). On the other hand, for the measured free end slips that are less than the 345 allowable free end strand slip, measured transfer lengths are longer than the predicted transfer 346 length in some cases: 0.6% of the cases (by applying the Eurocode-2 provisions) and 4.6% of 347 the cases (by applying the ACI-318 provisions). Consequently, the use of an assurance 348 procedure for bond quality based on a limit value for the allowable free end slip is not 349 completely reliable, and these criteria exclude more cases when applying the ACI-318 350
provisions. 351 352
Conclusions 353
This research offers a comparative study on transfer length provisions from Eurocode-2 and 354
North American practice. Both models consider a uniform bond stress, strand diameter, and 355 the effective stress after allowing for all prestress losses is used for calculating development Predicted transfer length values result in smaller ranges than those corresponding to the 372 measured transfer lengths, and these ranges are smaller when code provisions are more 373 simplified: the range from Eurocode-2 is greater than the range from ACI-318 which, in turn, 374 is greater than that from AASHTO. 375
The Eurocode-2 bound values practically range the interval average value ± standard 376 deviation of the Eurocode-2 predictions. The lower bound value from Eurocode-2 is similar to 377 the average AASHTO value. However, situations in which a short transfer length is 378 unfavorable are neglected because no model offers good predictions of shorter measured 379 transfer lengths: the North American practice does not offer this prediction and the lower 380 bound value from Eurocode-2 is greater than the measured transfer lengths. 
